Abstract. Aggregation of somatic cell nuclear transfer (SCNT) embryos in mice is reported to improve full-term development. In the present study, we attempted to improve the development of SCNT embryos by aggregation in cattle. In Experiment 1, to examine the effect of the timing of aggregation on in vitro development of cumulus-cell NT embryos, we aggregated two or three SCNT embryos (2X or 3X embryos) at the 1-cell, 8-cell and 16-to 32-cell stages. Irrespective of the timing of aggregation, 3X embryos developed to the blastocyst stage at a high rate. However, aggregation did not improve the total blastocyst formation rate of the embryos used. The cell numbers of 3X embryos aggregated at the 1-cell stage and 2X embryos tended to be higher than that of single NT embryos (1X embryos). Furthermore, a significant increase in cell number was observed in 3X embryos aggregated at the 8-cell stage and 16-to 32-cell stage. In Experiment 2, we used fibroblast cells as nuclear donors and examined in vitro development of 3X embryos aggregated at the 8-cell stage and 16-to 32-cell stage. As a result, 3X embryos had high blastocyst formation rates and higher cell numbers than 1X embryos, which was consistent with the results of Experiment 1. In Experiment 3, we examined the full-term developmental ability of 3X embryos aggregated at the 8-cell stage and 16-to 32-cell stage. After transfer of fibroblast-derived NT embryos into recipient animals, a significantly higher pregnancy rate was obtained on Day 60 in 3X embryos than in 1X embryos. Two embryos aggregated at 8-cell stage and one embryo aggregated at the 16-to 32-cell stage developed to term, while no pregnancies derived from 1X embryos that lasted to Day 60. However, two of the cloned calves were stillborn. These results suggest that aggregation of the 8-cell stage or 16-to 32-cell stage SCNT embryos may improve the pregnancy rate, but that it cannot reduce the high incidence of fetal loss and stillbirth, which is often observed in bovine SCNT.
(J. Reprod. Dev. 57: 500-506, 2011) he blastomere-aggregation technique has been mainly used in the studies for cell allocation [1] and for the production of chimeric animals [2, 3] . It has been also used to improve the developmental ability of embryos. In pigs, aggregation of 4-cell stage IVF embryos increases the in vitro developmental rate to the blastocyst stage, total cell number, inner cell mass (ICM) ratio and mRNA expression important for embryo quality [4] . In cattle, the development of parthenogenetic embryos can be improved by aggregation of four embryos [5] .
In nuclear transfer (NT), aggregation of genetically identical embryos may benefit embryo development by increasing cell number, changing cell allocation or complementation that occurs between epigenetically different cloned embryos with different reprogramming statuses [6] . In fact, aggregation of two to three somatic cell NT (SCNT) embryos leads to an increase in cell number, blastocysts with normal Oct4 gene expression and full-term development by eightfold in mice [7] . In a study of cattle, however, aggregation of three embryonic NT embryos improved the calving and survival rates, but no improvement was observed when SCNT embryos were used for aggregation [8] . In this report, however, the timing of aggregation was different between embryonic NT and SCNT, and aggregation was performed at the 1-cell stage for SCNT and at the 2-cell stage for embryonic NT [8] . Furthermore, cloning efficiency is improved by aggregating two mouse SCNT embryos at the 4-cell stage [7] . Thus, the timing of aggregation is likely important for the production of high-quality SCNT embryos [9] . In bovine SCNT, however, there has been no report examining the effect of the timing of aggregation on cloning efficiency, and cloned calves have not been produced as a result of aggregation of SCNT embryos at the cleavage stage except for at the 1-cell stage [8, 10] . The purpose of the present study was to examine the effect of the timing of aggregation on the in vitro developmental ability of SCNT embryos and to examine the fullterm development of aggregates of three bovine SCNT embryos at the 8-cell and 16-to 32-cell stages.
Materials and Methods
All animals received humane care as outlined in the Guide for the Care and Use of Experimental Animals (National Institute of Livestock and Grassland Science Animal Care Committee).
Donor cells
Donor cells were prepared as previously described [11, 12] . Briefly, we collected cumulus cells from a Japanese Black cow by ovum pick-up and fibroblast cells from ear skin tissue of a Japanese Black bull by biopsy. These cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) with 10% fetal bovine serum (FBS, Tissue Culture Biologicals, Tulare, CA, USA), 100 IU/ml penicillin G potassium (Meiji Seika, Tokyo, Japan) and 100 μg/ml streptomycin (Meiji Seika) at 38.5 C in a 5% CO2 atmosphere. The cultured cells were frozen and stored at -80 C until use. Before NT, donor cells were serum-starved in DMEM supplemented with 0.5% FBS for 5 to 7 days after reaching approximately 80% confluency.
Recipient oocytes
Ovaries were obtained from a slaughterhouse, transported to the laboratory in PBS and stored overnight at 15 C [13, 14] . In Japan, the use of bovine materials, including ovaries, is prohibited by the Abattoirs Law until bovine spongiform encephalopathy (BSE) testing results prove negative. We previously demonstrated that the storage of ovaries in PBS at 15 C for up to 30 h does not affect embryonic and fetal development after SCNT [15] . Bovine cumulus-oocyte complexes were collected from ovarian follicles of 2 to 6 mm in diameter and then cultured in TCM-199 (Gibco BRL, Grand Island, NY, USA) with 10% FBS, 100 IU/ml penicillin G potassium and 100 μg/ml streptomycin for 18 to 20 h under 5% CO2 in air (20% O2) at 38.5 C.
SCNT and embryo culture
SCNT was performed as described previously [16] . Briefly, after in vitro maturation culture, cumulus cells surrounding the oocytes were removed by vortex mixing in 0.1% hyaluronidase (Sigma-Aldrich) for 5 min, and oocytes with a visible first polar body under dissection microscopy were enucleated. Donor cells were transferred to the perivitelline space of enucleated oocytes. The oocyte-cell complex was sandwiched with a pair of electrodes in Zimmerman mammalian cell fusion medium [17] , and a single direct current pulse of 25 V was applied for 10 μsec for oocyte-cell fusion. The NT embryos were chemically activated 1 h after fusion. Chemical activation was accomplished by treatments of 10 μM calcium ionophore A23187 (Calbiochem-Novabiochem, San Diego, CA, USA) in PBS for 5 min, 2.5 μg/ml cytochalasin D (Sigma-Aldrich) and 10 μg/ml cycloheximide (Sigma-Aldrich) in TCM-199 with 10% FBS for 1 h and then 10 μg/ml cycloheximide alone for 4 h. After chemical activation, the NT embryos were cultured in a serum-free medium (IVD-101 [18] , Research Institute for the Functional Peptides, Yamagata, Japan) for 7 days under 5% O2, 5% CO2 and 90% N2 at 38.5 C.
Aggregation of embryos
SCNT embryos were used for embryo aggregation after removal of the zona pellucida. The zona pellucida was removed from oocytes using 0.5% pronase (Actinase E; Kaken Pharmaceutical, Tokyo, Japan). A small depression was made in a 25-μl drop of TCM-199 with 50 μg/ml phytohemagglutinin-P (Wako Pure Chemical Industries, Osaka, Japan; TCM-199/PHA) or IVD-101 using a darning needle. Two or three NT embryos were first placed into the depression in the drop of TCM-199/PHA for 20 min for aggregation ( Fig. 1A and B) . The aggregates of two or three NT embryos (2X or 3X embryos) were then moved into the depression in the drop of IVD-101 and cultured at 38.5 C under 5% O2, 5% CO2 and 90% N2 until Day 7.
Differential staining of blastocysts
Differential staining of the inner cell mass (ICM) and trophectoderm (TE) of blastocysts on Day 7 (Day 0 = the day of NT) was performed by the immunosurgery method as described previously [12] . Briefly, after removal of the zona pellucida from blastocysts, the blastocysts were incubated for 10 min in 10 mM trinitrobenzenesulfonic acid (Nacalai Tesque, Kyoto, Japan) in PBS containing 3 mg/ml polyvinylpyrrolidone (Sigma-Aldrich) on crushed ice. The blastocysts were then incubated for 30 min in TCM-199 containing 0.3 mg/ml anti-dinitrophenol-BSA (Sigma-Aldrich) and for a subsequent 30 min in TCM-199 containing 20% guinea pig complement (Rockland Immunochemicals, Gilbertsville, PA, USA), 10 µg/ml propidium iodide (Sigma-Aldrich) and 10 μg/ml bisbenzimide (Hoechst 33342, Sigma-Aldrich). After washing in PBS, the blastocysts were mounted on slides, covered with coverslips and examined under UV light using a fluorescence microscope (Diaphot 200, Nikon, Tokyo, Japan). This procedure results in blue fluorescence for bisbenzimide-stained ICM nuclei and pink fluorescence for TE nuclei stained with both fluorochromes. The ratio of ICM cell number to total cell number (ICM ratio) in the blastocysts was then determined for evaluation of the embryonic quality.
Embryo transfer
Embryo transfer was performed nonsurgically at Day 7. Twenty-eight Japanese Black cows were used as recipient animals. Recipient cows were synchronized by a single i.m. injection of 0.5 mg cloprostenol (2 ml, Estrumate, Intervet Schering-Plough Animal Health, Osaka, Japan). Six to 8 days after the onset of synchronized estrus, each recipient cow received a single blastocyst into the uterine horn ipsilateral to the corpus luteum. Diagnosis of pregnancy was made by ultrasonography at Days 30, 60 and 90 and then by rectal palpation every 30 days until calving.
Experimental design
Experiment 1: The effect of the timing of aggregation on the in vitro development of NT embryos derived from bovine cumulus cells was examined. One-cell stage embryos after activation, 8-cell stage embryos on Day 2 (approximately 48 h after activation) or 16-to 32-cell stage embryos on Day 4 (approximately 90 h after activation) were used for embryo aggregation after removal of the zona pellucida. The zona pellucida was removed from oocytes using 0.5% pronase. Zona-free embryos were aggregated to produce 2X and 3X embryos, and zona-intact embryos and zona-free embryos, from which the zona pellucida was removed at the 1-cell stage, 8-cell stage and 16-to 32-cell stage, respectively, were used as the controls (1X embryos). The experiments were repeated at least four times.
Experiment 2: We examined whether 3X embryos derived from bovine fibroblast cells have an effect on in vitro development that is similar to that observed in 3X embryos derived from cumulus cells in Experiment 1. Zona-free embryos were aggregated to produce 3X embryos at the 8-cell stage or 16-to 32-cell stage. Zonaintact embryos were used as a 1X control. The experiments were repeated at least four times.
Experiment 3: We examined the in vivo developmental ability of NT aggregates derived from bovine fibroblast cells. As SCNT aggregates for embryo transfer, 3X embryos aggregated at the 8-cell stage and 16-to 32-cell stage were used. Zona-intact embryos were used as a 1X control.
Statistical analysis
The developmental rate was compared by the chi-square test. Blastocyst cell numbers and ICM ratios of the embryos were analyzed were using Tukey-Kramer multiple comparison test. Pregnancy and calving rates were compared using Fisher's exact test. A value of P<0.05 was considered to be significant.
Results

Experiment 1
The in vitro developmental rates of cumulus cell-NT embryos aggregated at the 1-cell stage, 8-cell stage and 16-to 32-cell stage are shown in Table 1 . There were no significant differences in developmental rate to the blastocyst stage between zona-intact and zona-free 1X embryos after removal of the zona pellucida at the 1-cell stage (34 and 41%), 8-cell stage (56 and 57%) or 16-to 32-cell stage (69 and 61%). Fifty percent, 83 and 79% of 2X embryos and 89, 100 and 100% of 3X embryos aggregated at the 1-cell stage, 8-cell stage and 16-to 32-cell stage, respectively, developed to the blastocyst stage (Fig. 1C) . However, aggregation did not improve the total blastocyst formation rate (the number of blastocysts over the number of embryos used for aggregation).
The cell numbers and ICM ratios of SCNT aggregates at the blastocyst stage are shown in Table 2 . There was no difference in the cell number and ICM ratio of blastocysts between nonaggregated zona-intact and zona-free SCNT embryos. The cell numbers of 3X embryos aggregated at the 8-cell stage and 16-to 32-cell stage were significantly higher than those of nonaggregated embryos. The ICM ratios of 2X and 3X embryos aggregated at the 1-cell stage and 3X embryos aggregated at the 16-to 32-cell stage were significantly higher than those of single zona-intact embryos.
Experiment 2
The in vitro developmental rates, cell numbers and ICM ratios of fibroblast cell-NT embryos aggregated at the 8-cell stage and 16-to 32-cell stage are shown in Table 3 . Ninety-seven percent and 100% of 3X embryos aggregated at the 8-cell stage and 16-to 32-cell stage, respectively, developed to the blastocyst stage. The blastocyst formation rates of 1X control embryos from the 8-cell stage and 16-to 32-cell stage were 56 and 91%, respectively. The (14) 1 (14) a,b Values without common characters in the same column differ significantly (P<0.05). 
Experiment 3
1X embryos (n=10) and 3X embryos aggregated at the 8-cell stage and 16-to 32-cell stage (n=11 and n=7, respectively) were transferred to recipient cows. As shown in Table 4 , the pregnancy rates of these 3X embryos at Day 60 were significantly higher than that of 1X embryos. Two 3X embryos aggregated at the 8-cell stage and one aggregated at the 16-to 32-cell stage developed to term. However, two of these cloned calves were stillborn (Table  5) . A live calf (Fig. 1D) derived from a 3X embryo aggregated at the 8-cell stage survived and was healthy for 26 months, at which point it was slaughtered to examine the meat composition [19] .
Discussion
A low pregnancy rate and high frequency of abortion are observed in bovine somatic cell cloning [20, 21] . It has also been reported that SCNT embryos at the blastocyst stage have lower cell numbers than normal embryos in cattle [22] as well as in other species [7, 23, 24] . This poor quality of blastocysts appears to contribute to the decreased survival rate of SCNT embryos after embryo transfer. Embryo aggregation is a method that enables increase in the cell number of blastocyst-stage embryos [4, 7] . In the present study, total cell numbers (130 to 142) in 3X embryos aggregated at the 1-cell stage and 2X embryos tended to be higher than those of 1X embryos (81 to 93). Furthermore, when aggregation was performed at the 8-cell stage on Day 2 or at the16-to 32-cell stage on Day 4, 3X embryos developed into blastocysts with high cell numbers (163 to 223) that were equivalent to in vivoderived embryos (166 to 205) [25] . In the previous reports, increases in cell number have also been observed when aggregation of SCNT embryos was performed at the 1-cell stage [8, 10] . In these reports, however, the increase in the cell number did not lead to improved cloning efficiency [8, 10] . In the present study, on the other hand, the pregnancy rate at Day 60 was high for 3X embryos, and 14 to 18% of 3X embryos developed to term after transfer, while all nonaggregated embryos were aborted before Day 60. In a previous study, a higher pregnancy rate was also observed in cattle following aggregation of two bovine compacted morula-stage SCNT embryos (the full-term developmental rate was not examined because of prohibition by Danish legislation) [26] . The results of these studies [8, 10, 26] and those of the present study suggest that not only the cell number of blastocyst-stage embryos but also another factor, i.e., the timing of aggregation, affects embryo survival after embryo transfer.
In the present study, the blastocyst formation rates of SCNT embryos after removal of the zona pellucida at the 1-cell stage, 8-cell stage and 16-to 32-cell stage were 41, 57 and 61%, respectively. The developmental ability of aggregates of 8-cell and 16-to 32-cell stage embryos may be higher than that of the 1-cell stage embryos because there is a possibility the embryos that do not develop beyond the 8-cell stage are used for aggregation at the 1-cell stage. The results for cell number in the present study suggest this possibility. In the present study, the increase in total cell number in 3X embryos aggregated at the 1-cell stage was not significant, although a significant increase was observed in 3X embryos aggregated at the 8-cell stage and 16-to 32-cell stage compared with 1X embryos. In bovine embryonic NT, it has also been reported that 3X embryos aggregated at the 2-cell stage improve the in vitro developmental rate compared with those aggregated at the 1-cell stage [8] .
In previous reports, aggregation of 1-cell stage SCNT embryos increased the ICM ratio of embryos [8, 10] . A similar tendency was observed in the present study. However, the ICM ratio in aggregates of the 8-cell stage embryos (39-40%) tended to be lower than those in aggregates of the 1-cell stage embryos (47%) and 16-to 32-stage embryos (42-48%). The exact reason for the difference in ICM ratio according to the timing of aggregation is unclear. In mice, interaction between Oct4 and Cdx2 determines TE differentiation [27] . It has been reported that embryo aggregation influences gene expression [4, 7, 9, 28] . In mice, aggregation of SCNT embryos at the 4-cell stage results in Oct4 and Cdx2 expression similar to that of fertilized embryos [7, 28] . In pigs, an increased level of OCT4 expression is observed after aggregation of IVF embryos at the 4-cell stage [4] . The gene expression profile of aggregates may have varied by the timing of aggregation. As a result, the timing of aggregation may have affected allocations of ICM and TE. However, since there have been no reports examining the relationship between the timing of aggregation and gene expression in aggregates, further examination of gene expression profiles of SCNT embryos aggregated at the different cell stages is needed.
In general, the ICM ratio of bovine blastocysts produced in vitro or in vivo ranges from 20 to 40% [22] . In our recent study, the ICM ratio of IVF embryos cultured under the same conditions used in the present study was 31% [14] . A previous study has indicated that aberrant ratios of ICM or TE to total cells may be one factor affecting developmental failures [22] . In the present study, all pregnancies derived from 3X fibroblast-cell NT embryos at the 16-to 32-stage with a high ICM ratio (45%) resulted in abortions or stillbirth, while a normal clone calf was obtained from 3X embryos aggregated at the 8-cell stage, the ICM ratio (39%) of which tended to be lower than that of 3X embryos aggregated at the 16-to 32-cell stage. These results suggest that aberrant allocations of ICM and TE in embryos may lead to abnormal fetal or placental development.
In the present study, the developmental rate to term of aggregates (14 and 18%) was not very high, almost the same rate as that obtained in our previous study (14%) [16] . However, since there are some differences between our present and previous studies (e.g., donor cell types, treatment of donor cells and origin of recipient oocytes), it is difficult to compare these two studies. Cloning efficiency is reported to be different between the donor cell lines used [21, 29, 30] . In the present study, two of the three cloned calves from 3X embryos were stillborn. Given the small number of cloned calves, it is not clear whether aggregation of three SCNT embryos had an influence on perinatal mortality. However, perinatal mortality of clones may be related to the treatment of donor cells before NT rather than aggregation. Serum starvation, which was used to synchronize the cell cycle of donor cells at the G0 phase in the present study, can induce DNA fragmentation [31, 32] . In two reports using serum-starved cells as well as in the present study, high (50 and 64%) perinatal losses were observed [33, 34] . On the other hand, it has been reported from two laboratories that SCNT embryos derived from cells at the early G1 phase obtained using a shake-off procedure are more likely to develop into healthy calves than those from G0 phase cells [35, 36] . Furthermore, it has been reported that treatment of donor cells with a mitotic extract tends to improve the viabilities of cloned calves [37] . These reports indicate the possibility of improvement of survivability of cloned fetuses and calves by optimal treatment of donor cells.
It is suggested that improvement of mouse cloning efficiency following aggregation is mediated by interaction and complementation between blastomeres from epigenetically different embryos [7, 38] . Furthermore, in a recent report, expression of Cdx2 was corrected by increasing the total cell number of SCNT embryos by embryo aggregation, suggesting that the cell number is a critical parameter in the regulation of extraembryonic linage gene expression in SCNT embryos [28] . If cells within a single SCNT embryo vary in their transcriptional activity or developmental ability because of epigenetic differences, aggregation may increase the number of normal cells with the correct gene expression required for further development [38, 39] . Considering the result that no cloned calves were obtained after transfer of 10 nonaggregated SCNT embryos in the present study, the rate of normal cells contained in these SCNT embryos seems to be low. Consequently, no remarkable increase in full-term development rate may have been observed following aggregation, unlike that reported in mice [7] , because the donor cells possess a low potency to support full-term development of SCNT embryos, whereas the increase in normal cell number by aggregation improved the in vivo developmental ability of SCNT embryos. Further studies using various donor cells prepared under optimal treatment are necessary to determine whether aggregation improves cloning efficiency in cattle.
In conclusion, we demonstrated that bovine 3X SCNT embryos developed into blastocysts with high cell numbers at a high rate after aggregation, when 8-cell stage or 16-to 32-stage embryos were used for aggregation. However, aggregation did not improve the total blastocyst formation rate (the number of blastocysts over the number of embryos used for aggregation). The in vivo developmental ability of 3X embryos aggregated at the 8-cell stage and 16-to 32-stage after embryo transfer was higher than that of 1X embryos, and three cloned calves were produced from them. However, two of these cloned calves were stillborn. These results suggest that aggregation of 8-cell stage or 16-to 32-stage SCNT embryos may improve the pregnancy rate after embryo transfer, but that it cannot reduce the high incidence of fetal loss and stillbirth, which is often observed in bovine SCNT.
